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Zero valent iron (ZVI) particles were embedded into porous materials to avoid aggregation and separation problems in the controlled synthesis process. To investigate the adsorption mechanism of crystal violet and methylene blue, activated carbon (AC) and AC-based ZVI extraction by solid-phase and liquid-phase reduced approaches was conducted. Characterization methods of specific surface area, scanning electron microscopy (SEM), and x-ray diffractograms (XRD) were used to elucidate the structure of adsorbents, and the adsorption capacities of crystal violet and methylene blue were obtained under experimental conditions of various pH values (2.0–10.0), adsorption times (0–72 h), and temperatures (30–50°C). The adsorption of crystal violet/methylene blue was controlled by both chemisorption and reduction. The adsorption processes were fitted to a pseudo-second-order kinetic model, and that of reduction kinetics was suitable to pseudo-first-order kinetic model. The thermodynamic study revealed that the adsorption of crystal violet and methylene blue was endothermic and spontaneous, and the adsorption isotherms fitted well to the Langmuir model. Different adsorption capacities of crystal violet and methylene blue on various adsorbents were found, indicating that both the properties of adsorbents (pore size, specific surface area, and chemical functional groups) and the structures of adsorbates had significant effect on the removal of dye molecules.
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INTRODUCTION
Water pollution, a known universal crisis, might cause a reduction in the population, or extinction, of living things; reduce the value of environmental resources; and pose a threat to ecological balance (Iqbal et al., 2019; Efimov et al., 2019; Li et al., 2020). The release of dye in wastewater generated from different industries has been considered to be an important source of water pollution (Bilal et al., 2016a; Nouren et al., 2017). These dyes pose a serious threat to the ecological environment since they are extremely stable and non-biodegradable, and their accumulation always leads to poor oxygenation of the water environment by preventing the photosynthesis of photosynthetic organisms (Spadaro et al., 1992; Xu et al., 2018). Moreover, most dyes are toxic, mutagenic, and carcinogenic, leading to serious harm for aquatic animals and human health (Bilal et al., 2016a; Bilal et al., 2016b; Ramamoorthy et al., 2020). Therefore, it is quite significant to carry out the remediation of dyes in wastewater to clean the water environment and safeguard human health (Abbas et al., 2018; Amin et al., 2020).
To impede the discharge and pollution of dye in wastewater, plenty of treatment methods have been continuously improved to remove these dyes from wastewater (Chen et al., 2017; Saber-Samandari et al., 2017). Considering economics, applicability, and removal efficacy, adsorption is suggested as the most popular technique (Fernandes et al., 2010; Xu et al., 2014; Rasalingam et al., 2015), in which the selection of adsorbents is the key factor affecting removal efficiency (Fernandes et al., 2010; Zhang et al., 2020b; Liu et al., 2014). Activated carbon (AC) is known as the most effective adsorbent; however, the expensive cost of AC restricts its wide utilization. Recently, a variety of bio-based activated carbons derived from agricultural wastes such as fruit peel, crop straw, coconut shell, and vegetable residues have been synthesized to make the adsorption process more feasible and cost-effective (Mishra et al., 2021). Moreover, iron-based porous materials have been developed to be effective adsorbents for toxic dye removal from wastewater (Zhang et al., 2010; Wang et al., 2012), mainly because of the unique redox potential of zero valent iron (ZVI) combined with the high surface area and large reaction sites of porous adsorbents (Kerkez et al., 2014). Previous studies demonstrated that iron-modified montmorillonite could effectively adsorb crystal violet (CV) (Guz et al., 2014), and iron nanoparticles decorated onto three-dimensional graphene could rapidly and efficiently degrade azo dye (Wang et al., 2015).
However, the application of ZVI in actual water treatment is subject to certain restrictions, because it tends to agglomerate and is easily oxidized (Liu et al., 2007; Fan et al., 2016). Therefore, many studies have been initiated to search for different matrices to overcome the iron particle aggregation, such as adding iron on montmorillonite for the adsorption of toxic cationic dyes (Wang et al., 2017; Liu et al., 2018) and adding iron nanoparticles onto three-dimensional graphene to degrade azo dyes (Liu et al., 2018). It could be found that two different approaches, namely, solid-phase and liquid-phase iron direct reduction technology (Liu et al., 2007; Wang et al., 2017; Liu et al., 2018), are the main approaches to prepare ZVI covered on adsorbents for effectively removing toxic dyes in wastewater. Using liquid-phase iron direct reduction technology, many materials were used as matrices to fix nZVI including kaolinite (Liu et al., 2007), activated carbon (Liu et al., 2018), graphene (Wang et al., 2017), and palygorskite (Ngulube et al., 2019), which exhibited an excellent dye removal efficiency. Based on solid-phase iron direct reduction technology, different kinds of iron-based adsorbents with the ZVI particles embedded into matrixes could be prepared, overcoming the lack of instability of ZVI synthesized in the liquid-phase direct reduction approach (Wang et al., 2017; Zheng et al., 2019).
In order to research the removal efficiency and purification mechanism of dyes onto AC embedded with ZVI extracted by solid/liquid-phase direct reduction approach, a series of AC supported ZVI adsorbents were synthesized and used to remove CV and methylene blue (MB) at various pH values, adsorption times, and temperatures. CV and MB were chosen as the representation of dyes because of the wide area of applications and similar molecular weights/different molecular structures. In this study, palm kernel shells as agricultural wastes were used to prepare AC adsorbents owing to their low ash content, high in carbon and volatile content (Ajeng et al., 2021). The higher heating value of palm kernel shells was beneficial for the solid-phase iron direct reduction technology (Wang et al., 2017; Bazargan et al., 2018). Thus, AC adsorbents were used as reductants to prepare the ZVI in the solid-phase iron direct reduction process and as matrices to fix nZVI in the liquid-phase iron direct reduction process. Adsorption data were interpreted by using adsorption kinetics, adsorption isotherms, and thermodynamic models to calculate the adsorption capacities and thermodynamic parameters.
MATERIALS AND METHODS
Materials and Chemicals
Palm kernel shell (C 50.2%, H 6.2%, O 40.8%, and N 0.3%), and iron ore tailings (Fe2O3 27.47%, Al2O3 6.44%, SiO2 22.44%, CaO 1.95%, MgO 3.07%, and S2O3 4.61%) were sieved through 500-mesh screens and dried in an oven at 80°C for 24 h. Analytical grade dye molecules (CV and MB), iron chloride (FeCl3·6H2O), ethanol, sodium borohydride (NaBH4), and sodium hydroxide (NaOH) were purchased from Beijing Chemical Reagents Company (Beijing, China). Water used in this experiment was deionized water.
Preparation of Adsorbents
AC from palm kernel shell (PAC, 1#) and ZVI adsorbents produced through the solid-phase direct reduction approach (PAC-mZVI, 2#) were prepared as shown in Figure 1. In the preparation of PAC, palm kernel shell was heated in the absence of oxygen at a heating rate of 10°C min−1, a heating temperature of 800°C, and a calcining time of 40 min, to maintain its weight and produce a loose porous structure. Schematic of the preparation steps is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic of the preparation of the adsorbents.
The solid-phase direct reduction approach was chosen to produce ZVI to prepare PAC-mZVI (2#), in which iron ore tailings were reduced by palm kernel shell to ZVI during the sintering process at high temperature, as shown in the chemical reaction below:
[image: image]
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According to a previous study (Wang et al., 2017), the liquid-phase direct reduction approach was chosen to produce nanoscale ZVI to prepare PAC-nZVI (3#) adsorbents, in which Fe3+ was reduced by NaBH4 to ZVI on the surface of PAC as shown in the chemical reaction below:
[image: image]
Iron chloride solution (FeCl3) saturated PAC adsorbents and sodium borohydride solution (NaBH4) were shaken at 120 r min−1 under a temperature of 30°C to reduce Fe3+ to ZVI. The optimal experimental factors influencing the amount of ZVI covered on the surface of PAC were selected at a shaking time of 1 h, a molar ratio of Fe3+:BH4−at 1:3, and a mass ratio of Fe3+:PAC adsorbent at 1:5.
Characterization
The surface area and pore size were detected according to nitrogen adsorption–desorption isotherms using the Autsorb-1 (Quantachrome, United States). The morphological characteristics and chemical components of these adsorbents were determined using scanning electron microscopy (SEM, JSM-6610 LV, Jeol, Japan) and x-ray diffractograms (XRD, 08 Advance Davinci, Bruker, Germany), respectively. Zeta potentials were determined by a Zeta Probe apparatus (Colloidal-Dynamics, United States).
Adsorption Experiments
Dye solution (100 ml) with an initial concentration of 50–1,000 mg L−1 and an adsorbent dose of 0.6 g were added into glass conical flasks to carry out the adsorption experiments at the constant speed of 120 rpm. The desired pH value was adjusted at the range of 2–10. Adsorption kinetic studies were carried out at various adsorption times (0–72 h). The removal efficiencies (R) and adsorption capacities (Qt) were calculated by Eqs 1, 2 (Mwamulima et al., 2018). Adsorption isotherm studies were conducted with different initial concentrations of dye solution (50, 100, 200, 400, 600, 800, and 1,000 mg L−1) at temperatures of 30, 40, and 50°C. The concentrations of residual CV and MB in aqueous solution were detected by UV spectrophotometry.
[image: image]
[image: image]
where C0 (mg L−1) is the initial concentration, Ct (mg L−1) is the concentration at time t, V (L) is the volume of the solution, and m (g) is the adsorbent weight.
RESULTS AND DISCUSSION
Adsorbents Characterization
Nitrogen adsorption method was used to determine the pore diameter, pore volume, and surface area of adsorbents in Table 1. Compared with palm kernel shell, PAC, PAC-mZVI, and PAC-nZVI had a much larger surface area and micropore area, which might lead to the deduction that abundant micropores were generated in the process of biomass pyrolysis chemical reaction of palm kernel shell at high temperature (Guo et al., 2016). Moreover, the calcining temperature in the preparation of PAC-mZVI adsorbents had a significant impact on the reduction process, which largely determined the micropore area and pore size. The surface area of PAC-nZVI adsorbents was higher than the other three adsorbents, showing that the adsorbents prepared by the liquid-phase reduction approach had the largest BET surface area.
TABLE 1 | Textural features of palm kernel shell, PAC, PAC-mZVI, and PAC-nZVI adsorbents.
[image: Table 1]SEM and EDX images of PAC, PAC-mZVI, and PAC-nZVI are shown in Figure 2. It could be clearly found that the surface of these adsorbents was rough; meanwhile, numerous pores existed in these adsorbents. This could be attributed to the fact that the organic matter in palm kernel shell generated volatile CO, CO2, and hydrogen during the sintering process (Guo et al., 2016). These volatile gases escaped from the inside of adsorbents; then, the pores were formed in this process. Moreover, PAC-nZVI adsorbents contained more pores compared with PAC-mZVI adsorbents, which might be attributed to the cementation effect of ZVI particle in the solid-phase reduction process (Wang et al., 2017). Combined with EDX analysis, it could be found that ZVI was generated in the solid-phase reduction reaction with the reductants of palm kernel shell and liquid-phase reduction reaction process in aqueous solution. As shown in Figure 2C, newly formed ZVI particles in the liquid-phase reduction reaction process were uniformly dispersed throughout the matrix, owing to the advantages of the liquid-phase iron reduction approach.
[image: Figure 2]FIGURE 2 | SEM images of (A1) PAC, (B1) PAC-mZVI, and (C1) PAC-nZVI and EDX images of (A2) PAC, (B2) PAC-mZVI, and (C2) PAC-nZVI.
XRD analyses were chosen to identify various phases and phase transformations for PAC, PAC-mZVI, and PAC-nZVI adsorbents. As depicted in Figure 3A, the main component of PAC adsorbents was carbon. As for PAC-mZVI in Figure 3B, hematite (Fe2O3) and ZVI were found as well as the carbon that PAC contained, indicating that palm kernel shells were translated to PAC, and iron ore tailings were partly reduced to ZVI in the solid reduction process with palm kernel shell as reductants (Man et al., 2014; Wang et al., 2017). As shown in Figure 3C, PAC-nZVI adsorbents mainly contained carbon and ZVI. Compared with PAC-mZVI adsorbents, ZVI was the unique form of iron element in PFB-nZVI adsorbents, confirming that Fe3+ was directly reduced to ZVI covered on porous adsorbents in liquid-phase reduction approach (Liu et al., 2018; Mwamulima et al., 2018).
[image: Figure 3]FIGURE 3 | X-ray diffractograms of three different adsorbents. (A) PAC, (B) PAC-mZVI, and (C) PAC-nZVI.
Effects of pH on Crystal Violet and Methylene Blue Removal
Removal efficiencies of CV and MB by PAC, PAC-mZVI, and PAC-nZVI adsorbents were researched at different pH values, and effects of pH value on adsorption capacity are shown in Figure 4. The adsorption process was significantly affected by the changing of pH value, mainly because the existence forms of functional groups on the adsorbents were changed under different acid and alkali conditions (Wang et al., 2017; Liu et al., 2018; Mwamulima et al., 2018). As shown in Figure 4, removal efficiencies of dye molecules increased with the increase of pH value at the initial stage, then gradually decreased after the maximum. Meanwhile, we could find that removal efficiencies of CV by these three different adsorbents reached the maximum when pH value was approximately at 6.0, 6.0 and 8.0, respectively.
[image: Figure 4]FIGURE 4 | Effects of pH on the removal of CV (A) and MB (B) by PAC, PAC-mZVI, and PAC-nZVI adsorbents.
This phenomenon could be attributed to the influence of structure characteristics and the point of zero charge (pHpzc) of adsorbents. As reported in previous literature, the surface of adsorbent had a positive charge at pH < pHpzc, negative charge at pH > pHpzc, and net zero charge at pH = pHpzc, respectively (Hammed et al., 2016). In this study, pHpzc of PAC, PAC-mZVI, and PAC-nZVI adsorbents was approximately 5.5, 7.0, and 8.0, respectively. At lower pH, excess H+ might compete with CV/MB molecule for adsorption sites, inhibiting the adsorption process of CV and MB onto adsorbents. Moreover, electrostatic repulsion existed between adsorbents and dye molecules, which would be also largely adverse to the adsorption of CV/MB onto adsorbents. Generally, cationic dyes were quite easily absorbed onto adsorbents with negative charges owing to the attraction of positive and negative charges. It could be concluded that excess OH− at higher pH promoted the formation of iron hydroxide, which could occupy the reactive sites on adsorbents to decrease the reduction reaction of CV/MB in this experiment (Chen et al., 2013).
Effects of Contact Time on Crystal Violet and Methylene Blue Removal
The adsorption capacities of CV and MB at 30°C are shown in Figure 5. The adsorption processes of CV/MB were generally fast at the initial stage and then leveled off with time, which was attributed to the fact that huge amounts of active vacant sites on these adsorbents were gradually occupied. As depicted in Figures 5A,B, the adsorption of CV and MB on PAC-nZVI reached equilibrium at approximately 50 h, which was slightly longer than other adsorbents. The reason was that the specific surface area of PAC-nZVI adsorbents was larger than that of other adsorbents and a large number of pores existed in the interior of the adsorbents. Moreover, the adsorption capacity of PAC-nZVI adsorbents for CV and MB arrived at 97 mg g−1 and 43 mg g−1, which was higher than that of other adsorbents. This could be attributed to the fact that both adsorption and reduction reactions were included in the removal processes of CV and MB by these three different adsorbents. PAC-nZVI adsorbents contained higher concentration of ZVI compared with that of other adsorbents, generating more active sites to promote the increase in adsorption capacity. Besides, it could be found that the absorption of MB reached the equilibrium faster than that of CV, which could be attributed to the fact that the triangular shape of CV was not beneficial when entering smaller pores compared with the chain shape of MB.
[image: Figure 5]FIGURE 5 | Effects of contact time on the removal of CV (A) and MB (B) by PAC, PAC-mZVI, and PAC-nZVI adsorbents.
Effects of Temperature on Crystal Violet and Methylene Blue Removal
Changes in adsorption capacity of CV and MB under different temperatures are depicted in Figure 6. It could be found that the adsorption capacity of CV/MB increased with the increase of temperature, indicating that the adsorption processes of dye molecules were endothermic reaction. Moreover, the phenomenon could also be explained by the fact that high temperature could promote the increase in pore size and surface area to enlarge the adsorption capacity (Liu et al., 2018). When the temperature arrived at 50°C, the adsorption capacity of PAC-nZVI for CV and MB arrived at approximately 110 and 73 mg g−1, respectively. Moreover, the change rate of adsorption capacity with time increased as the reaction temperature increased. It might be attributed to the increase in the mobility of dye molecules in aqueous solution and the formation of reactive sites on the interface of adsorbents under higher temperature (Liu et al., 2018; Mwamulima et al., 2018).
[image: Figure 6]FIGURE 6 | Effects of temperature on the removal of CV and MB by PAC, PAC-mZVI, and PAC-nZVI adsorbents.
Kinetic Study
Adsorption Kinetics
Lagergren pseudo-first-order rate (Eq. 3) (Lagergren, 1898), pseudo-second-order rate (Eq. 4) (Ho and McKay, 1999), and Weber-Morris diffusion model (Eq. 5) (Weber and Morris, 1963) were chosen to explain the kinetics of CV and MB onto these three adsorbents, which could be described as:
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where qe (mg g−1) and qt (mg g−1) are the adsorption capacities at equilibrium and time t, respectively. k1 (1/h), k2 (1/h), kint, and b are the constants in pseudo-first-order, pseudo-second-order, and intraparticle diffusion, respectively.
The kinetic parameters (r2, Qe, K1, and K2 values) are shown in Table 2. According to the previous literature, the optimal fitting model could be selected based on the parameter of r2 value (Wang et al., 2017). Thus, it could be found that adsorption of CV/MB onto these three adsorbents fitted the pseudo-second-order rate equations well due to the relatively better r2 values compared with that of the pseudo-first-order kinetic model. Based on the qe values calculated from the pseudo-second-order kinetics model, PAC-nZVI adsorbent showed the highest adsorption capacities at equilibrium compared with other adsorbents. These values of qe had quite good agreement with experimental results. Thus, we could deduce that chemisorption was the rate-controlling step in the removal process of CV/MB onto PAC and PAC-based ZVI adsorbents (Liu et al., 2018; Mwamulima et al., 2018).
TABLE 2 | Kinetic parameters for the adsorption of CV and MB dye on PAC and PAC-based ZVI adsorbents.
[image: Table 2]In order to further analyze the adsorption process, the Weber-Morris diffusion model was chosen to discuss the relationship between qt and t0.5 based on the intraparticle diffusion theory. If the intraparticle diffusion was a rate-limiting step, the plot of qt against t0.5 would yield a straight line with a slope of kint. As depicted in Figures 7A, B, the linear plot of qt vs. t0.5 yielded a straight line, indicating that intraparticle diffusion was a rate-limiting step. Moreover, the linear plot did not pass through the origin, illustrating that the molecular diffusion controlled the adsorption reaction rate to some extent. Thus, it could be concluded that two processes, namely, chemisorption and diffusion, affected the removal process of these dye molecules.
[image: Figure 7]FIGURE 7 | Intraparticle model for the adsorption for the adsorption of CV and MB onto PAC, PAC-mZVI, and PAC-nZVI adsorbents.
Reduction Kinetics
Based on the above research results, adsorption reaction of CV/MB by PAC and PAC-based ZVI adsorbents included adsorption and chemical reduction (Chen et al., 2013; Wang et al., 2017; Ezzatahmadi et al., 2017). Pseudo-first-order and -second-order reduction kinetic models in Eqs 6, 7 were selected to study the reduction process (Kerkez et al., 2014).
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where C0 (mg g−1) and Ct (mg g−1) are the concentration at the initial time and at time t; kobs (h−1) and k2 (h−1) are the rate constant of pseudo-first-order and second-order reaction, respectively.
Reduction kinetics parameters are shown in Table 3. Based on the reduction kinetics parameters, the pseudo-first-order kinetics model provided a better match of the experiment results of CV/MB dye, because of the relatively better r2 values compared with that of the pseudo-second-order kinetic model. This indicated that CV/MB reacted with ZVI in the interface of the adsorbents through a solid–liquid reaction (Wang et al., 2017; Liu et al., 2018). Moreover, the reduction processes of CV/MB by these three adsorbents were endothermic, considering the reduction kinetic rate (kobs) increased with the increase of temperature from 30 to 50°C. This was due to the fact that higher temperature could promote dye molecule transfer from aqueous solution to the surface of adsorbents (Adesemuyi et al., 2020).
TABLE 3 | Reduction kinetic parameters of CV and MB dyes on PAC and PAC-based ZVI adsorbents.
[image: Table 3]Taking PAC-mZVI adsorbent for example, kobs increased from 0.0716 to 0.0827 h−1 when the temperature increased from 30 to 50°C. It was depicted that the Kobs value of PAC-mZVI adsorbents was slightly higher, indicating that the chemical reduction reaction happened faster than that of the other two adsorbents. Based on the parameter values shown in Tables 2, 3, it could be deduced that both physical adsorption and chemical reaction might handle the removal processes of CV/MB onto these adsorbents. Meanwhile, we could also find that the adsorption process of CV/MB dye was slightly faster than the reduction process by the comparison of the parameters of K1 and Kobs (Chen et al., 2013).
Adsorption Isotherms
Adsorption isotherms could reveal the relationship of adsorption capacity of adsorbents and the concentration of adsorbates in aqueous solution, when the adsorption process reached equilibrium at a certain temperature. In this study, the Langmuir equation in Eq. 8 (Langmuir, 1918) and the Freundlich equation in Eq. 9 (Freundlich, 1906) were chosen to study the adsorption isotherms. The Langmuir equation supposed that adsorption was limited to monolayer coverage, while Freundlich isotherms assumed that the adsorption surface was heterogeneous and multilayer adsorption might be possible.
[image: image]
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where Ce (mg L−1) is the concentration of adsorbates at equilibrium, qmax (mg g−1) is the maximum adsorption capacity, and KF and n are constants related to adsorption capacity and intensity, respectively. Based on Eqs 8, 9, it could be found that the near-perfect linear fitting of 1/qe vs. 1/Ce belonged to the Langmuir model, while that of logqe versus logCe obeyed the Freundlich model. If the value of 1/n was less than 1, it might be attributed to the favorability of adsorption (Inbaraj and Chen., 2011; Fan et al., 2017).
The adsorption isotherms are depicted in Figure 8, and relevant adsorption isotherm parameters (b, Qm, 1/n, Kf) are shown in Table 4. Considering the relatively better r2 values, we could find that adsorption isotherms of CV/MB matched well with the Langmuir model. Consequently, adsorption processes of CV/MB onto PAC and PAC-based ZVI adsorbents were homogeneous and occurred at a monolayer region on the adsorbents. For the adsorption of CV dye, the Qm value of PAC-nZVI adsorbents was the greatest compared with other adsorbents. As for MB, the Qm value of PAC-nZVI adsorbents was 68, 79, and 99 mg g−1 at 30, 40, and 50°C, depicting the greatest adsorption capacity. Moreover, RL values of CV and MB were less than 1, confirming that it was favorable for CV and MB adsorbed onto these adsorbents under this reaction condition (Inbaraj and Chen., 2011).
[image: Figure 8]FIGURE 8 | Adsorption isotherms of CV and MB adsorbed onto PAC and PAC-based ZVI adsorbents, (A1) CV by PAC; (A2) MB by PAC; (B1) CV by PAC-mZVI; (B2) MB by PAC-mZVI; (C1) CV by PAC-nZVI; (C2) MB by PAC-nZVI.
TABLE 4 | Parameters for the adsorption isotherms of CV and MB on PAC and PAC-based ZVI adsorbents.
[image: Table 4]Thermodynamic Study
To analyze the effects of temperature on the adsorption, thermodynamic parameters including ΔH, ΔS, and ΔG were calculated based on the adsorption isotherms. The specific calculation method is shown as Eqs 10, 11, respectively.
[image: image]
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The parameter values of ΔH, ΔS, and ΔG are shown in Table 5. As noted, ΔG values of three different adsorbents decreased with the increase in temperature, indicating that the adsorption of CV/MB happened spontaneously. Meanwhile, ΔH values were all greater than zero, attributing to the fact that CV/MB adsorbed on adsorbents showed endothermic reactions. Moreover, values of ΔS in the adsorption processes were positive, which could further reveal the increasing randomness at the interface of solid/solution (Zhang et al., 2020a).
TABLE 5 | Thermodynamic parameters for the adsorption of CV and MB on PAC and PAC-based ZVI adsorbents.
[image: Table 5]Mechanisms of Crystal Violet and Methylene Blue Removal by Adsorbents
CV and MB in water solution were firstly adsorbed on the surface of adsorbents, and then transported into the interior pores of adsorbents through pore diffusion. During the diffusion process, both the structural features of adsorbents and adsorbates had significant effects on the adsorption of dye molecules. When the molecular size of adsorbents was smaller than pore size, adsorbates could enter the internal pores for further adsorption action. Since the molecular structures of MB (line-shaped) and CV (fork-shaped) were different, the co-influence of the pore size of adsorbents and the structure of adsorbates on the removal processes is exhibited in Figure 9A.
[image: Figure 9]FIGURE 9 | A model of dye molecule (CV, MB) removal process by PAC and PAC-based ZVI adsorbents.
CV and MB in the internal pores of adsorbents were finally adsorbed on the active sites of adsorbents, in which CV/MB was partly reduced by ZVI on the adsorbents. According to our previous research (Wang et al., 2017; Liu et al., 2018), CV was cleaved to two parts to generate new products via electrochemical reduction; however, MB reacted to its reduction state. The adsorption capacities of CV on these adsorbents were largely higher than that of MB as demonstrated in the experimental results, which might be attributed to the new products reduced from CV with smaller molecular size. Moreover, it could be deduced that specific surface area was also an important factor in the adsorption processes. The adsorption sites on the adsorbents increased with the increase in specific surface area. Based on the above discussion, the possible removal mechanisms of CV/MB from aqueous solutions on PAC and PAC-based ZVI adsorbents are proposed in Figure 9.
CONCLUSION
Adsorption of CV/MB on PAC and PAC-based ZVI adsorbents indicated that ZVI could efficiently remove cationic dyes from aqueous solution. The removal processes of CV/MB on adsorbents were significantly affected by the changing pH value, reaction time, and temperature. The adsorption capacities of CV/MB were fast in the initial stages and finally leveled off with time. The adsorption capacity increased with the increase in temperature. The adsorption processes of CV and MB onto these adsorbents all fitted well with the pseudo-second-order rate equations, and chemisorption was the rate-controlling step. The pseudo-first-order reduction kinetic model provided a better match of the adsorption process, indicating that dye molecules reacted with ZVI in the interface of adsorbents through a solid–liquid reaction, and the reduction process was endothermic. The adsorption isotherms obeyed the Langmuir model, indicating that CV/MB onto these adsorbents were homogeneous and occurred within a monolayer region on the surface of adsorbents. Compared with solid-phase iron direct reduction technology, PAC-nZVI adsorbents prepared by liquid-phase iron direct reduction technology showed higher adsorption capacity owing to the larger BET surface area and more ZVI particles. Furthermore, it was found that the properties of adsorbents (pore size, specific surface area, and chemical functional groups) and the structure characteristics of adsorbates had significant effects on the adsorption efficiency of dye molecules.
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